When the Bacillus subtilis dnaB37 mutant, defective in initiation, is returned to permissive temperature after accumulation of initiation proteins at 45°C, we have shown, by extensive DNA-DNA hybridization analysis, that the origin region is replicated in excess (-2-fold). However, this replication is limited to a region of about 120-175 kilobases on either side of the origin. This has been confirmed by autoradiographic analysis of the overreplicated region. During the second round of synchronized replication at 30°C, replication in fact appears to resume from the stalled forks on either side of the origin. We propose that in B. subtilis, in addition to a first level of control at the origin, a second level of control exists downstream of the origin in order to limit overreplication of the chromosome. These two controls might normally be tightly coupled. We suggest that the second level of control is exerted through the reversible inhibition of replisome movement at specific regions on either side of the origin.
Bacteria are able to adjust their rate of DNA synthesis to the growth rate. This is achieved through regulation of initiation frequency from the origin. This emphasizes the key role of initiation of DNA replication in the bacterial life cycle (see ref. 1 for a review).
The replication origin in Bacillus subtilis has been defined by analysis of the first restriction fragments to be replicated in cultures synchronized for DNA replication by various procedures (2, 3) . These studies, including the use of the temperature-sensitive, initiation-defective dnaB37 mutant (4) , have identified a specific restriction fragment, BS6, as including an origin of replication. In addition, we have identified a second, closely linked origin within another specific restriction fragment, BS5 (4) . We have proposed that the two origins may act in concert in bidirectional replication, each site being required for the leading strand in each direction. Other studies have provided the complete nucleotide sequence of the origin region (5) .
Specific requirements have been demonstrated for initiation of chromosome replication at the origin in B. subtilis. These include de novo protein synthesis, the DnaB initiation protein, and an RNA-synthesis step dependent upon RNA polymerase (6) (7) (8) .
These earlier studies, involving cultures of the dnaB37 mutant synchronized for DNA replication, also demonstrated that the requirements for protein and RNA synthesis for initiation of a subsequent round of DNA synthesis were completed well before the onset of this round (8) . Therefore, we investigated the possibility that DNA replication remained blocked at the origin or, alternatively, that initiation had taken place, the new replication forks being inhibited close to the origin until other requirements for the onset of the second round were satisfied.
The results reported in this paper show that, in the dnaB37 mutant returned to the permissive temperature, overinitiation occurs during the first replication round. This extra replication is limited to a relatively small region around the origin [h300 kilobases (kb)]. Moreover, the results are consistent with the resumption of elongation from the blocked replication forks during onset of the second replication round. On the basis of these experiments, we propose that DNA replication is subject to control at two levels on the chromosome, the chromosomal origin itself and a second region outside the origin, which acts to limit overreplication of the chromosome after a premature initiation.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. B. subtilis OMM242 (dnaB37, thyA, thyB, trp) was grown as described (4) . All plasmids used are listed in Table 1 .
Purification of Chromosomal DNA. Nucleic acids were extracted as described (4) and sonicated using an MSE Ultrasonicator to reduce the DNA fragments to a singlestrand length of 400 nucleotides. For reassociation kinetics, nucleic acid solutions were incubated for 16 hr at 37°C in 0.3 M KOH (a treatment that hydrolyzed RNA to mononucleotides), neutralized, and then extensively dialyzed. The average size of DNA was determined by electrophoresis through an alkaline 2% agarose gel (13) . DNA concentration was determined by diphenylamine titration (14 Preparation of Autoradiographs. Bacterial lysates were successively diluted in 0.4% and 0.17% Joy (Procter & Gamble) adjusted to pH 9 with 0.1 M sodium borate. Lysate (1 ml) was supplemented with one drop of 1% formaldehyde and two drops of 0.4% Kodak Photo-Flo (pH 7.4), deposited on microscope slides, and allowed to dry. Slides were overlaid with Ilford K2 emulsion in gel form and then left for 3-4 months at 4°C in airtight, lightproof containers over CaC12. The film was then developed and remounted, and photographs were taken under a Zeiss photomicroscope. A 50-kb plasmid DNA spread under identical conditions was used as a DNA length standard.
RESULTS
Quantitation of Specific Sequences in Chromosomal DNA by Reassociation Kinetics. The amount of a specific DNA sequence in DNA samples can be readily determined by monitoring the reassociation kinetics of a radioactively labeled DNA probe in the presence and absence of such DNA samples (16) . Initial experiments were carried out to standardize the procedure by quantifying various sequences (E6', E20, amyR, and sacA) present per chromosome in the dnaB37 mutant after cessation of replication at 45°C (see Table 1 for position of these sequences on the map of the chromosome).
Purified E20 DNA was labeled with 35S by nick-translation under experimental conditions that gave a labeled product with an average single-strand length of 400 nucleotides.
Denatured 35S-labeled E20 DNA (0.85 pM) was allowed to reassociate in the presence or absence ofunlabeled denatured E20 DNA (1.7 pM). The proportion of total radioactivity that remained acid-precipitable after nuclease S1 digestion was measured as a function of the time. The ratio C*/CO*, which is the fraction of labeled DNA in single-stranded form, was calculated. The ratio CO*/C* was then plotted as a function of time. Linear plots were obtained in the initial step of reassociation, and the slope measured the reassociation rate of labeled DNA (16) . Fig. 1 shows that addition of unlabeled E20 DNA increased the reassociation rate 3-fold and therefore the reassociation rate of labeled E20 DNA was directly
proportional to the concentration of the E20 sequence in the solution measured.
The effect of a chromosomal DNA preparation on the reassociation kinetics of labeled E20 DNA was then used to determine the concentration of the E20 sequence in such a chromosomal sample. An exponential culture of OMM242 was shifted to 45°C for 60 min, conditions in which replication cycles are completed (6) . Nucleic acids were extracted, sonicated, and treated with alkali. In the presence of denatured chromosomal DNA (2 ,tg/ml, 0.77 pM assuming a molecular weight of 2.6 x 109), the reassociation rate of labeled DNA (0.85 pM) increased by a factor of 1.91, indicating the presence of one E20 sequence per chromosome (Fig. 1) .
Similar experiments were performed with the E6', amyR, and sacA sequences. The data obtained indicated one copy of E6', amyR, and sacA per chromosome under these conditions (results not shown). These results were expected for aligned chromosomes after cessation of replication at 45°C in the dnaB37 mutant (6) . Similar results were obtained with chromosomal DNA extracted from spores (results not shown), where the chromosome has been reported to be aligned (18 Overreplication of Origin-Proximal DNA Sequences During Synchronous Replication of the dnaB37 Mutant. Next, we analyzed the replication of specific DNA sequences during the synchronous replication of the dnaB37 mutant following return to 30TC, using the method described above. For this analysis, we chose probes that are close to the origin, E20 and E6', which are located in the BS6 and BS5 restriction fragments, respectively, (3), as well as probes located at some distance from the origin, amyR and sacA (see Table 1 ).
A culture of OMM242 grown at 30'C was transferred to 450C for 30 min and then returned to 30TC. Measurement of the rate of DNA synthesis indicated two rounds of excellent synchrony after return to permissive temperature. The first round depends on renaturation of DnaB protein, whereas the second round requires both protein and RNA synthesis (7, 8) . The initiation of the first round occurred very early and appeared to take place in all the bacteria within 17 min (Fig.  2A) . DNA accumulation during this round was consistent with a replication time of 51 min. Initiation of the second round occurred about 45 min after return to 30TC, just before completion of the first round. For the purpose of quantitation of specific DNA sequences, samples were withdrawn during synchronous replication ( Fig. 2A) and the copy number of E20, E6', amyR, or sacA sequences was determined from the reassociation kinetics as above.
Theoretical accumulation of the four sequences was calculated as indicated in the legend of Fig. 2 . Accumulation of sequences located 200-300 kb away from the replication origin on each side (sacA and amyR) was in very good agreement with that predicted (Fig. 2B) . These sequences were replicated only once during the first replication round, at the time anticipated from their positions on the chromosome. In contrast, accumulation of sequences located close to the origin (E6' and E20) was quite different from that predicted (Fig. 2B) . During the time required for initiation in all the bacteria, these sequences increased about 2-fold. However, these sequences then continued to accumulate throughout the first replication round. Thus, after 45 min, there was at least a 150% increase in these sequences, clearly indicating overreplication of a significant fraction of origin sequences before onset of the second round.
All these results indicated that overinitiation was taking place during synchronous replication of the dnaB37 mutant, although this replication was limited to a small region around the origin.
Replication Kinetics of Specific Sequences During Synchronous Replication of the dnaB37 Mutant. To confirm the above results, we adopted an alternative experimental strategy in which the replication of specific sequences was analyzed by hybridization of in vivo labeled chromosomal DNA with various unlabeled probes.
Samples were withdrawn during the synchronous replication of the dnaB37 mutant and pulse-labeled with [3HJthymi-dine for 8 min. Nucleic acids were extracted as before and each sample was then hybridized to an excess of unlabeled probe DNA fixed on membrane filters. Calculations from hybridization data were carried out in order to express the relative accumulation of labeled sequences (see legend of Fig. 3 ). E6', E20, and cysA sequences were synthesized throughoutthe first replication round (Fig. 3) . Similar results were also obtained with gnt and abrB sequences (data not shown). In contrast, sacA and amyR sequences were replicated only once during this round, at the time predicted from their position on the chromosome. These results confirmed the overreplication of origin sequences described above and indicated that the overreplicated region extended for at least 120-175 kb on either side of the origin. Moreover, these experiments also indicated that overreplicated sequences were not replicated again during onset of the second replication round, implying that such DNA was not degraded and was therefore used during the onset of the second round.
Detection of a Chromosomal Overreplicated Region by Autoradiography. Autoradiography was used to obtain a direct visualization of any overreplicated region. A culture of OMM242 was grown at 30°C, shifted to 45°C for 50 min, then returned to 30°C and pulse-labeled for 20 min with [3H]thymidine. DNA was analyzed by autoradiography after a 10-min chase in order to identify stalled replication forks.
Overreplication limited to the origin region could be expected to give rise to replication loops containing two labeled strands on one side, a single labeled strand on the other, and flanking arms with one labeled strand (ref. 19 and Fig. 4A) . A major portion of the structures we observed consisted of closed loops with unequal labeling for the two sides (Fig. 4B) . Some of the replication loops also appeared extended by two labeled arms (Fig. 4B, photographs 3 and 4) . The results are therefore consistent with extra initiation followed by limited replication within the origin region.
The contour lengths of about 500 loops obtained from the pulse-chase experiment were measured (Fig. 4C) . The lengths of the majority of the loops were consistent with the hybrid- cpm) was allowed to reassociate in the presence of an excess of probe DNA fixed on nitrocellulose filters. Results were corrected for background (amount binding to calf thymus DNA) and were the mean values of two determinations. The hybridization data are expressed as relative accumulation of labeled E6', E20, cysA, amyR, and sacA sequences. For each DNA probe the 3H cpm detected in hybrids in all the successive pulses were totaled. For each sample the percentage of AH cpm in hybrids relative to that total 3H cpm was determined. Cumulative percentages were then calculated from 0 to 64 min and normalized to the value at 16, 24, or 32 min, taken as 100 (16 min for E6' and E20 DNA probes, 24 min for cysA DNA probe, and 32 min for amyR and sacA DNA probes).
ization data that had shown that the overreplication was limited to a region of 120-175 kb on either side of the origin.
DISCUSSION
When the initiation-defective dnaB37 mutant of B. subtilis is shifted back to permissive temperature after cessation of replication at nonpermissive temperature, DNA synthesis is synchronized (6) . Under these conditions, a delay was observed between the completion of the synthesis of proteins and RNA required to initiate the second replication round and the onset of this round (8) . The studies described in this paper were designed to test the possibility that, during this delay, initiation remained blocked at the chromosomal origin or, alternatively, that some initiation had taken place, followed by a limited progression of the replication forks within the origin region.
Our results demonstrate that overinitiation occurs in the dnaB37 mutant after a shift back to permissive temperature. DNADNA hybridizations show that sequences located within 120-175 kb on each side of the origin (gnt, E6', E20, abrB, and cysA) are replicated throughout the first replication round and accumulate to at least a 50% excess. In contrast, sequences located 200-300 kb away from the origin (amyR and sacA) are replicated once, at the time predicted from their position on the chromosome. This indicates that repli- and not replicated again during the onset of the second replication round. Thus, replication appears to resume from the region containing the stalled replication forks. Pulsechase experiments and autoradiographic studies enabled us to detect replication loops with the properties of reinitiated chromosomes with stalled replication forks. In particular, closed loops more heavily labeled on one side and with labeled flanking arms were identified, as expected if replication is halted at a distance from the origin after a second initiation event. The lengths of the majority of the loops are consistent with the overreplicated region identified by hybridization analysis.
We conclude that the early appearance of the initiation potential for the second replication round triggers an excess of initiation from the chromosomal origin. However, in contrast to the first replication forks, which normally proceed along the chromosome, these extra forks are inhibited at some distance from the origin. Further, these forks, which were initiated and thus stalled at different times in the bacteria, finally resume DNA replication synchronously after a pause. This strongly suggests that the phenomenon observed reflects a crucial control step in the normal cell cycle.
From the above studies, we propose that DNA replication is controlled at two levels on the chromosome. (i) A first level (initiation control) triggers formation of new replication forks and bidirectional replication from the chromosomal origin. This requires DnaB protein and the synthesis of protein and RNA (7) and permits replication limited to the region located around the origin. (ii) A second level of control (postinitiation control) regulates further elongation of DNA to complete full replication of the chromosome. Under conditions of balanced growth, these two levels of control are presumably tightly linked. However, if initiation takes place too early, as in the case of the dnaB37 mutant when protein synthesis and DNA replication have been uncoupled, the second level of control would provide a mechanism for limiting excess replication to a small region of the chromosome. The consequence of the pause is to ensure that the whole genome will be replicated at the correct time.
Interestingly, while these studies were in progress, a few reports appeared of a possible arrest in DNA replication downstream of oriC in Escherichia coli. Atlung et al. (20) found that extensive overproduction of DnaA protein stimulated initiation from the chromosomal origin, the extra replication forks being stalled and aborted after advancing 10-100 kb (but see also refs. 21 and 22) . On the other hand, after accumulation of initiation potential in dnaA mutants, Helmstetter et al. (23) observed a sudden and transient decrease of DNA synthesis. The first round, in this case, was arrested after replication of 5-10% of the chromosome. Finally. L0bner-Olesen et al. (24) reported that an increase in the DnaA protein level can extend the C period, the time required to replicate the chromosome. Those authors proposed that the prolonged replication period would be explained by specific pause signals downstream from the origin. Clearly, all these results are consistent with an important role for the type of postinitiation control demonstrated in this study.
In some possible mechanisms of transient stalling of replication forks in the dnaB mutant, premature replication might result in localized topological constraints leading to inhibition of replisome movement. Alternatively, the effect of trans-acting factors triggered by a premature increase in the origin/cell mass ratio might result in direct inhibition of replisome function at specific sites or regions on the chromosome. Hill et al. (25) identified in the termini of a number of bacterial replicons a consensus sequence that appears to halt DNA replication in an orientation-dependent manner. Since the same sequence occurs in other genes, at least in E. coli, such sequences could serve in principle to regulate replication outside the origin under the conditions described in this paper.
Finally, the second level of control observed in this study might be linked to our previous finding that onset of a replication round is subject to stringent control (26) . Interestingly, our recent studies (unpublished data) showed that stringent control does indeed appear to operate outside the origin in B. subtilis, at a similar distance to that observed for limited replication in this study. It is tempting, therefore, to speculate that postinitiation control and stringent control of chromosome replication reflect the same underlying mechanism. Such a control mechanism may therefore play a major role in coordinating overall growth and DNA replication in B.
subtilis.
